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Abstract 
If all humans vanished tomorrow, almost every metal structure would collapse within a century or 
less, the metal converting to an oxide. In applications ranging from the mature technology of nuts 
and bolts to high technology batteries, nuclear fuels and turbine engines, protective oxide films are 
critical to limiting oxidation. To date models of these oxide films have assumed that they form 
thermodynamic equilibrium stable or metastable phases doped within thermodynamic solubility 
limits. Here we demonstrate experimentally and theoretically the formation of unusual non-
equilibrium oxide phases, that can be predicted using a scientific framework for solute capture at 
a moving oxide/substrate interface. The theory shows that solute capture is likely a generic process 
for many electrochemical processes, and suggests that similar phenomena yielding non-
equilibrium phases can occur and be predicted for a wide range of other processes involving solid-
fluid and solid-solid chemical reactions.  
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Every metal, with the sole exception of gold, is unstable in air relative to its oxide at room 
temperature. The only reason they can be used is because of protective oxide films. These 
protective films are critical, and a strong case has been made by Macdonald1 that modern 
civilization would not be the same if they did not exist. Although many of the general concepts of 
how they form are known, there are still many gaps. Much of our current knowledge is from the 
mesoscale down to several nanometers, but multiple processes occurring over wide spatial and 
temporal scales control the nucleation, composition, stability, and structure of the oxide scales 
which prevent further oxidation of the underlying metal. Understanding the oxide growth at the 
(sub) nanometer scale is critically important if we are to move beyond simple cost-prohibitive 
remedies, such as painting surfaces or empirical alloy composition selections, towards more 
science guided alloy design. This is becoming increasingly urgent with aging infrastructure in the 
developed world, extension of materials to increasingly harsh environments as well as the ever 
increasing costs of failure of corroded components such as oil or gas pipelines to name just a few 
examples.  
We demonstrate here experimentally and theoretically that existing models of oxide growth during 
are incomplete, and in some respects misleading because they do not account for critical kinetic 
phenomena. We demonstrate that unusual combinations of structure and chemical composition are 
a general phenomenon and provide a predictive explanation by analogy with the well-established 
science of solute trapping33 extended to moving oxide/substrate interfaces. We will call this “Non-
equilibrium Solute Capture” to distinguish it, since the differences are large; for instance, solute 
capture can occur when an interface is physically stationary. 
More details will be described below and in the Supplemental Material, we will briefly prequel 
Non-equilibrium Solute Capture. One has an alloy which is oxidizing with a moving oxidation 
front that combines point defect migration and physical motion of the interface. The interface 
therefore has an effective velocity proportional to the rate of incorporation of alloy atoms as cations 
in the oxide. As the velocity tends to infinity, metal atoms in the alloy cannot achieve equilibrium 
configurations, they are captured in the oxide with the alloy composition, independent of what 
crystallographic phase forms. In the other limit, as the velocity tends to zero there is a 
thermodynamic driving force for the alloy atoms to form the stable or metastable phases found in 
conventional phase diagrams, with compositions bounded by solubility limits. With intermediate 
velocities, solute atoms are captured in the oxide with compositions far in excess of the solubility 
limits. The compositions formed can be predicted and calculated using the Non-equilibrium Solute 
Capture framework based solely upon the ratio of the velocity of the interface and an effective 
velocity for equilibration. 
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As general background, the established models of protective film oxide formation in aqueous 
environments2 such as salt water as well as during oxidation at higher temperatures have focused 
upon the development of equilibrium stable or metastable phases present in established phase 
diagrams, for instance nickel oxide and chromia for the case of nickel-chromium based alloys3-7 
or enrichments of alloying elements in passive films8-11. A thin oxide film develops first with a 
substantial potential gradient across it, as first described by Cabrera and Mott12. As the film 
thickness increases point defects (for instance metal vacancies) diffuse across the oxide due to both 
the chemical potential gradients and the electric fields12-17, and the film thickness will eventually 
exceed a limit where diffusion is now the controlling factor as first described by Wagner18. In an 
aqueous environment the film may never reach this limit due to simultaneous dissolution at the 
oxide/water interface19,20. In some cases a thin oxide film develops which does not significantly 
oxidize further leading to a self-protective coating. 
Throughout the existing literature, thermodynamically favored oxide phases are commonly 
assumed to form (e.g.21-24). The conventional view is that during oxidation the more energetically 
favored (exothermic) oxides form before those which are less exothermic (e.g.25). These oxides 
may be doped, for instance some chromium in the nickel oxide but only within equilibrium 
solubility limits. For aqueous films there is extensive x-ray photoelectron data (e.g.21,26) which has 
been interpreted in terms of the thermodynamically stable oxides; for oxidation x-ray or electron 
diffraction (e.g.27-30) is typically used to identify the lattice parameters of the phases which are then 
compared to the known oxides in the phase diagrams. While some more recent in-situ work has 
indicated that the most energetically favored oxide often do not form first (e.g.31), the focus has 
been on thermodynamically stable or metastable phases of equilibrium compositions that appear 
in conventional phase diagrams of the oxides. 
Is this model complete? Across many areas of materials science it is well established that kinetics 
matters as much if not more than thermodynamics. Kinetic control is ubiquitous, ranging from the 
industrial production of chemicals where the presence of a catalyst leads to selective formation of 
some desired chemical product rather than the thermodynamic endpoint, to in-vivo protein 
mediated biochemistry or the formation of many if not most technological materials such as 
complex multilayer electronic devices. For instance, for thin film deposition it is known that 
kinetics can lead to phases far from equilibrium that cannot be produced by other means. However, 
materials far from equilibrium are commonly considered to be the exception. 
Key to understanding the formation of the protective oxides is knowledge of the phases present, 
for which both structural and chemical information are required; each alone can be misleading. 
We are aware of only one paper32 which has looked carefully at this for oxidation, finding 
unexpected compositions that are not present in any of the thermodynamic databases for the 
relevant oxides. The authors of this paper32 were not able to explain the source of their apparently 
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anomalous result, and in the forty years since publication these results seem to have been ignored 
by the larger scientific community. 
The systems we will focus upon here are Ni-Cr-Mo alloys oxidized in air at intermediate 
temperatures in the range 500-700 oC, as well as the same materials passivated electrochemically 
in aqueous environments; further details can be found in the Methods section. While specific 
details vary with the particular alloys and treatment conditions, we will demonstrate that solute 
capture during oxide film growth is a general process which we believe matters for many, if not 
all, other metal alloys and many other electrochemical processes. The main experimental tools 
used are transmission electron microscopy and atom-probe tomography. We have examined both 
bulk samples which were oxidized and then appropriate regions extracted using conventional 
sample preparation methods, as well as samples that were first prepared in the appropriate 
geometry for examination and then oxidized or corroded. The latter are important as they allow us 
to exclude artifacts during the sample preparation and the evolution of stresses. 
Independent of whether the oxide is formed by dry oxidation or in aqueous conditions, the first 
product formed is an oxide with a rocksalt structure (𝐹𝐹𝐹𝐹3�𝐹𝐹) which is normally interpreted in the 
literature to be nickel oxide since it has essentially the same lattice parameter, with perhaps some 
additional metal atoms as low concentration dopants. From electron diffraction data as well as high 
resolution imaging (see fig. S1) the crystallographic structure is rocksalt, but a closer examination 
using both atom probe tomography and chemical analysis inside electron microscopes (see Fig. 1 
for passive film formed electrochemically) shows that there is very significant chromium and 
traces of molybdenum in the rocksalt oxide. This indicates that the chromium and molybdenum 
are located as substitutional atoms. Ignoring for simplicity the low molybdenum concentration, 
from the experimental data the composition of this rocksalt structure is Ni1-xCrxOy with x~0.5. (For 
the thin regions the oxygen content is hard to quantify; it tends towards y=1.5 at the outer surface 
and y=1 adjacent to the metal or for very thin oxides.) The chromium content is significantly larger 
than the literature equilibrium thermodynamic phases of NiO, Cr2O3 and the spinel NiCr2O4 for 
which the literature indicates only small solid solution ranges34. 
We should stress that our results indicate that one can have a rocksalt phase (𝐹𝐹𝐹𝐹3�𝐹𝐹) with a NiO 
composition in some cases, for instance in Fig. 3 which will be discussed below; the key science 
is the detection of the unexpected Ni1-xCrxOy composition with the same space group. 
The rocksalt phase is not the only structure we have found experimentally with a composition far 
from conventional thermodynamic expectations. For nickel-chromium-iron alloys and nickel-
chromium-molybdenum-alloys an oxide with the corundum structure ( 𝑅𝑅3�𝑐𝑐 ) has been 
reported21,26,35-38, and assumed to be chromia. We can verify the existence of an oxide with a 
corundum structure consistent with the existing literature, in some cases it is chromia Cr2O3 but in 
other cases careful compositional analysis demonstrates a composition of NixCr2-xO3-y with x~1 as 
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shown in Fig. 2, here for a sample oxidized in-situ at 700 oC in 1x10-4 torr of oxygen. A metastable 
𝑅𝑅3�𝑐𝑐  Ni2O3 phase with a corundum structure is well established39, so a metastable corundum 
NixCr2-xO3-y is structurally and chemically reasonable, but far from expectations based upon the 
published thermodynamically stable phases. 
The examples in Figs. 1 and 2 are for relatively thin films, so it could be that these unexpected 
compositions are just transients that are not relevant for thicker films. This is not the case. Shown 
in Fig. 3 are results for a sample that was annealed in oxygen for 24 h at 800°C, where similar 
results are found for oxide films more than 100 nm thick. Adjacent to the metal is an approximately 
100 nm thick Ni1-xCrxO1+x/2 rocksalt structure (with solute captured Cr), then over this is nearly 
pure rocksalt NiO with Cr2O3 at the outer surface. The evidence indicates that given enough time 
the metastable Ni1-xCrxO1+x/2 rocksalt phase away from the metal/oxide interface can transform to 
NiO and Cr2O3, but the rocksalt oxide near the metal/oxide interface still has a non-equilibrium 
composition. 
While the most definitive current evidence we have is from local structural and chemical analysis, 
in-situ atomic emission spectro-electrochemistry experiments support this conclusion as well. 
These involve tracking the metal ions leaving the oxide at the oxide-solution interface versus those 
oxidized40 and are described in more detail in the Supplemental Material §S2 and Supplemental 
figs S2-S5. If we use a conventional interpretation where the oxides being formed are rocksalt NiO 
and corundum Cr2O3, the experimental data does not balance mass. If instead we analyze the data 
for all the Ni and Cr in the oxide based on a combination of the two phases detected above, namely 
rocksalt Ni1-xCrxO with x=0.2 and NixCr2-xO3-y with x=1 and y=0 we obtain semi-quantitatively a 
valid mass balance for Cr, Ni and O. 
All the experimental evidence points towards non-equilibrium phases consisting of both the 
rocksalt and corundum phases with (based upon the metal/oxygen ratios) either Ni2+ or Ni3+ with 
dominantly Cr3+ but a possibility of Cr2+ very close to the metal/oxide interface. Note that the 
rocksalt and corundum phases are not that different, rocksalt has an ABC cubic packing of 
hexagonal planes, whereas corundum has an AB hexagonal packing. In both the metal occupy 
octahedral sites and the metal-oxygen distances are very similar for Ni2+ and Cr3+; small changes 
are needed to accommodate any changes in co-ordination. Density functional calculations (see 
Supplemental Material) indicate that the preferred spin configuration is antiferromagnetic. 
These highly non-equilibrium phase compositions, well beyond established solubility limits, are a 
result of what we will call non-equilibrium solute capture at moving oxidation fronts, analogous 
but different from solute trapping33. Differentiating the two is important. In classical solute 
trapping atoms add to a moving solidification front, so the velocity of the front is directly coupled 
to the rate of addition of atoms. In contrast, in non-equilibrium solute capture in addition to a 
moving interfaces both vacancies and interstitials are moving so the fluxes of chemical species 
6 
 
and the velocity of the interface are decoupled41. (More details are provided in Supplemental 
Material §S3.) The important term is the combination of the large fluxes of atoms at the oxide-
metal interface and motion of the interface compared to the diffusion rate of solute atoms. An 
important measure of the extent of capture in an effective medium model is β = vEff /vEq, where 
vEff is the effective velocity of the interface combining both physical motion and the flux of atoms, 
and vEq is an effective velocity for equilibration. The later will be the sum of a two terms, vEq = 
vExch + vNuc. The first, vExch, is similar to that in solute trapping vExch =a/Di where Di is an interface 
diffusion coefficient for a Zener exchange of the relevant atoms and a is the hopping distance for 
exchange of atoms between the oxide and metal to equilibrate the composition of the oxide.  The 
second will be an effective velocity for nucleation of phase separation, for instance rocksalt Ni1-
xCr2x/3O phase separating into rocksalt NiO and corundum Cr2O3 doped within solubility limits. 
We argue that similar to classic solute trapping, when β is significantly larger than unity the 
equilibrium interfacial concentrations do not develop; when it is significantly smaller than unity 
local thermodynamic equilibrium can hold at the interface in which case the compositions are well 
described by those on the phase diagram. Non-equilibrium phase compositions can form when β 
>>1 so long as the total free energy change of the phase transformation is negative33.  
We argue that the combination of an oxide front moving into the metal and the large fluxes crossing 
the interface for both oxidation and in aqueous environments leads to capture in the oxide of 
compositions at much higher concentrations than equilibrium thermodynamics predict as 
illustrated in Fig. 4. The thermodynamic requirements for solute capture in the specific case of Ni-
Cr oxidation are discussed in more detail in Supplemental Material §S3, where it is shown that 
almost complete capture in either rocksalt or corundum structures is possible for a wide range of 
conditions of temperature and pressure during oxidation and during aqueous corrosion and 
passivation. 
Turning to the values of β, for planar growth of NiO and using standard values for diffusion 
constants in the oxide (e.g.42,43). Fig, 5A shows that the capture of Cr in NiO is to be expected for 
a wide range of conditions (see also Supplemental Material §S4). It is also probable that β>1, 
during electrochemical passivation as shown in Fig. 5B. In every case except very slow passive 
aqueous dissolution at <10-7 A/cm2, the effective velocity of the corroding interface given in 5B 
using a Faraday’s law derived electrochemical penetration rate is faster than the rate of 
equilibration.  
The model for solute capture in oxides has an important consequence; it predicts that for most 
cases of oxidation and almost all aqueous conditions, solute capture is the norm, not the exception. 
This result has significant consequences for our understanding of protective oxide films, as well 
as opening the door to new routes to improving the resistance of materials for applications ranging 
from hip-implants to batteries, turbine blades or lower technology uses such as cookware. We will 
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discuss some of the science first. Rather than having a simple, insulating oxide, one has a complex 
highly doped semiconductor which could even reach the doping levels of a degenerate 
semiconductor (metal). As an illustration of this, fig S7 shows the calculated density-of-states for 
solute trapped Cr and Mo in rocksalt NiO; in both cases additional states are introduced in the gap, 
which will change the band-bending in the material. Extra states will significantly change the 
electric field across the oxide, and the fundamental semiconductor physics of the protective oxide 
film. These need to be included into the classic approach of Cabrera and Mott12 or other variations 
(e.g.13-17,44). 
In addition to electronic changes one also has to consider how the film develops and changes as a 
function of time. For instance, in aqueous passive film breakdown, metastable pitting and recovery 
by repassivation are typically considered to be processes involving very rapid oxide growth, 
whereas quasi steady-state passivation film growth is slow45. During slow growth the film structure 
has the opportunity to “age”, similar to aging of metal alloys where time is provided for the creation 
of additional phases, here phase separation of the solute captured atoms. However, since passive 
films are in a constant state of breakdown and repair as well as dissolution and oxidation at the 
film/solution and metal/film interface to just maintain a constant thickness, the solute captured 
condition is almost always the most relevant.  
There is also much more to be done with both the experimental and theoretical analysis of solute 
capture for moving oxide fronts and other electrochemical applications. For instance, it is clear 
from the atom probe data in Fig. 4F that there is partial clustering of the metal atoms, it is not a 
pure random solid solution. The experimental data in the line scans also indicates some chemical 
gradients of the metal atom concentrations within the oxides, which whilst not unexpected merits 
much more exploration. 
The new view of these protective oxide films opens the door to new strategies to improve alloys 
to yield higher performing protective oxide films. It is important to note that the extent of capture 
can be predicted. The concentration of the growing oxide depends on the free energies of the 
phases, which are sometimes known or can be estimated well with advanced density functional 
methods (see Supplemental Material §S4), as well as values for the interface diffusion constant 
and hopping distance. While the later are not yet known for solute capture, they can be calculated 
from atomistic methods. Thermodynamic databases along with the model for solute capture during 
oxidation will allow oxides of novel compositions, and thus properties, to be engineered for a given 
application. We believe it should be possible to design solute captured protective oxides so, for 
instance, they better resist breakdown phenomena or provide better protection for high-
temperature turbine engines to have significantly longer lifetimes in service. 
Finally, in terms of broader materials science we strongly suspect that comparable solute capture 
can occur for many other solid-fluid or solid-solid chemical reactions, not just the formation of 
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protective oxide films or the classic case of rapid solidification. If the relevant product is lower in 
free energy, and the reaction front is moving fast enough, the same fundamental materials science 
should hold independent of whether one is dealing with ceramics, metals, semiconductors or 
polymers.  
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Figures with Figure Captions 
 
 
Figure 1 Chemical data for the oxide formed on a NiCrMo alloy oxidized in K2S2O8 and Na2SO4. 
In (A) a high-angle annular dark field image is shown, with (B) the composition measured from 
an electron energy loss line-scan. The oxide immediately on the metal has a composition of 
approximately Ni0.5Cr0.5O. Shown in (C) and (D) are atom-probe tomography results of a tip 
treated under the same conditions with a 12 at % isosurface in c) and a proxigram (compositional 
line scan) in (D), both corrected for the oxygen detection efficiency. While the structural data is 
not present in the atom-probe data, the compositional information is and cross-validates the 
electron microscopy results. 
 
10 
 
 
Figure 2 Results for a sample oxidized in-situ at 700 C in 1x10-4 torr of oxygen, and later analyzed 
by electron energy loss spectroscopy. In (A) is shown a bright field image during in-situ growth 
where fringes characteristic of the corundum structure are apparent. Shown in (B) is a high-angle 
annular dark field image with the corresponding electron energy loss line scan in (C). The 
corundum structure adjacent to the metal has a composition of approximately NiCrO3. 
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Figure 3 Montage of results for a sample oxidized at 800 C for 24 h in air. Shown in (A) is an 
overview high-angle annular dark field image of a focused ion-beam region cut from the sample. 
The different layers in (B)-(E) are shown as bright-field and diffraction pattern pairs, in (B) of the 
metal, (C) the rocksalt structure, (D) nickel oxide and (E) chromia. Shown also in (F) is an atom-
probe tomogram taken from the interface layer which shows, similar to Fig 1, the presence of a 
Ni1-xCrxO1+x/2 rocksalt phase, with a one dimensional composition plot with the metal on the right 
in (G) which shows metal composition variations (x) with Ni1-xCrxO1+x/2 composition. 
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Figure 4 Representation of an oxidation front with an oxide (top) moving into an alloy (bottom) 
with a velocity v, with the different types of atoms color coded, with a number of metal vacancies. 
Note that the interface velocity and vacancy flux will in general be different.  
13 
 
 
 
Figure 5 Plots of the kinetic conditions for solute capture, in (A) for oxidation using kinetics based 
upon literature diffusion constants and reaction rates as a function of exposure temperature and 
oxygen partial pressure in atmospheres. The plot is for an oxide thickness of 5nm and a hopping 
distance of 1nm. The horizontal green plane is when veffa/Di=1, the blue surface the ratio for 
different temperatures and oxygen pressures. For a wide range of conditions, high temperature 
oxidation is expected to lead to solute capture, consistent with the experimental results. In (B) a 
plot of the local electrochemical corrosion current density along x and the local velocity of the 
oxidation front along y for a range of different processes in aqueous corrosion with the 
approximate diffusion velocity Di/a marked on the right for a=1.0 nm and assumed a field affected 
diffusivity of 10-20 cm2/sec, showing that solute capture will be common for many conditions. 
 
METHODS 
Electrochemical treatment: Ni-Cr and Ni-Cr-Mo alloys were oxidized (passivated) 
electrochemically using a potentiostat in 0.1 M NaCl solution adjusted with 0.1 mM HCl to pH 4, 
Samples with any air-formed oxides where were reduced for 10 min at -1.3 V vs. SCE ( Saturated 
Calomel) for 10 minutes and then polarized potentiostatically to +0.2 VSCE. TEM and 3DAPT 
specimens where prepared for each method and to avoid artifacts were then oxidized over the 
entire exposed surface as a last step using a chemical potentiostat. 200 ml of a 0.1 M NaCl solution 
adjusted with 0.1 mM HCl to pH 4 was treated with 1-5 µL of H2O2 (30%) as an oxidizing agent 
or in 0.1 M Na2SO4 with a few uL of K2S2O8. This condition was verified to produce an 
electrochemical potential near +0.2 VSCE. Verification of nearly identical oxides from this method 
and the potentiostat approach was achieved by electrochemical impedance. In both cases specimen 
were oxidized for 10,000 seconds or more. 
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Transmission electron microscopy: TEM samples were prepared using a low speed saw 
(Buehler, Isomet) to cut the bulk sample into thin slices (~0.7 mm), then mechanical thinned to 
less than 100 um using sandpapers. From the thin slices, several 3 mm disks were cut with a disk 
cutter (South Bay Technology, Model 360) and dimpled (VCR group, Inc., D500i) to the thickness 
of 10~20 um. Finally, the samples were ion milled at 3~6 keV (Gatan precision ion polishing 
system, Model 691) until a small hole appeared, followed by low energy and low angle argon ion 
milling (Fischione Model 1040 Nano-Mill) at 500 eV to remove the amorphous and implanted 
layers. After preparation the samples were either electrochemically treated (above) or oxidized. 
Atomic resolution scanning transmission electron microscope imaging was performed using an 
aberration corrected JEOL ARM200CF with collections angles 𝛽𝛽 of 11𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝛽𝛽 ≤ 22𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 for 
annular bright field (ABF) imaging and 90𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝛽𝛽 ≤ 220𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 for high angle annular dark 
field (HAADF) imaging, these being acquired simultaneously. Compositonal analysis was 
performed with a Gatan Efina EELS and an Oxford X-max 100TLE windowless SDD X-ray 
detector attached to the ARM200CF. Electron diffraction and high-resolution imaging 
experiments were performed utilizing both a JEOL ARM200CF and JEOL 2100F. 
Atom Probe Tomography: The samples for atom probe tomography were prepared by a standard 
electropolishing procedures: 0.5mm×0.5mm×2cm alloys bars were electropolished in an 
electrolyte of 10% (vol %) perchloric acid in acetic acid using 12V~20V DC for pre-thinning. 
Then 2% (vol %) perchloric acid in a butoxyenthanol electrolyte and 12V~15V DC were used for 
the final thinning. A CAMECA Local Electrode Atom Probe (LEAP) 4000XSi with an ultrafast 
detector capability was used for APT experiments. Picosecond pulses of ultraviolet laser light were 
utilized to evaporate individual atoms at a pulse repetition rate of 250 kHz, a laser pulse energy of 
20 pJ per pulse and an average detection rate of 0.005 ions per pulse. The specimen tip temperature 
was maintained at 25K. Data analyses were performed on the three-dimensional (3-D) 
reconstructions of specimens utilizing the program IVAS 3.6.1. 
It is established that the composition for oxides measured using Atom Probe depends upon the 
laser energy per pulse, tending to accurate as this is reduced. To calibrate the data, a tip of pure 
nickel was prepared and then oxidized and used as a calibrant. This sample indicated that the 
detection efficiency of oxygen was 2/3. All the data shown in Figures has been corrected for the 
detection efficiency of the oxygen. 
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Supplemental Material: Non-equilibrium Solute Capture in Passivating Oxide 
Films 
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1. Supplemental Images of Rocksalt Phase 
 
Fig. S1. HREM images (A) and (B) show the rocksalt islands grown on Ni-Cr-Mo substrate 
oxidized in sodium sulfate for 10000 seconds and the diffraction patterns (C) indicate the cube-
cube epitaxy growth. 
2. Electrochemical Tracking Evidence 
The kinetics of partial elemental dissolution reactions during electrochemical passivation at 
+0.2 V vs SCE were analyzed by atomic emission spectroelectrochemistry (AESEC)1,2. 
Previously, AESEC has characterized the in situ anodic dissolution of 304 stainless steel, 
passivation of binary Fe-Cr alloys, and breakdown of passive films on Fe-Cr-Mo glassy alloys1-3. 
Many past studies do not consider the time-dependent contributions of individual elements towards 
passive film growth and dissolution, as well as the real-time oxide thickness. Measurements of the 
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fate of each alloying element by operando electrochemical passivation and film dissolution 
reactions occurring on Ni-Cr and Ni-Cr-Mo were accomplished using an Inductively Coupled 
Plasma-Mass Spectrometer (ICP-MS) in a flow cell arrangement4. By coupling the ICP-MS 
measurements to the DC electrochemical measurement of total oxidation current density, iEC, and 
element-specific dissolution reactions could be directly monitored and considered independently 
from the global film thickening4. Based on the fraction of each element accumulating in the film, 
the atomic percent of each element can be compared to the expected oxide compositions based on 
phase separation versus solute capture. 
 The current density contribution, iM(t), for each specific dissolved cation species, M+, can 
be calculated from on-line ICP measurement4: 
𝐶𝐶𝑀𝑀 = 𝑘𝑘(𝐼𝐼𝜆𝜆 − 𝐼𝐼𝜆𝜆𝑜𝑜) 
𝑖𝑖𝑀𝑀(𝑡𝑡) = 𝑛𝑛𝑛𝑛𝑛𝑛CM𝑀𝑀𝑀𝑀  
𝑖𝑖𝐼𝐼𝐶𝐶𝐼𝐼 = �𝑖𝑖𝑀𝑀 
where 𝐼𝐼𝜆𝜆 is the measured emission intensity of a given element, M, 𝐼𝐼𝜆𝜆𝑜𝑜 is the background intensity, 
𝑘𝑘 is a proportionality constant, C is the concentration of element M in the electrolyte stream, n is 
the electrons transferred per mole of M, F is Faraday’s constant in coulombs/equivalent, 𝑛𝑛 is the 
electrolyte flow rate, 𝑀𝑀𝑀𝑀 is the molar mass of element M, and 𝑖𝑖𝐼𝐼𝐼𝐼𝐼𝐼 is given as the sum of all current 
densities associated with all dissolved species. The net current density contribution for oxide 
growth, iox, and the related oxide thickness, 𝑥𝑥, as well as the accumulated area density of elements 
collected into the oxide, 𝑗𝑗𝑀𝑀, are given as: 
𝑖𝑖𝑜𝑜𝑜𝑜 = 𝑖𝑖𝐸𝐸𝐼𝐼 − 𝑖𝑖𝐼𝐼𝐼𝐼𝐼𝐼 
𝑥𝑥 = 𝑀𝑀𝑀𝑀
𝑛𝑛𝑛𝑛𝑛𝑛
�  𝑖𝑖𝑜𝑜𝑜𝑜 𝑑𝑑𝑡𝑡𝑡𝑡
0
 
𝑗𝑗𝑀𝑀 = 𝑁𝑁𝐴𝐴𝑛𝑛𝑛𝑛�  𝑖𝑖𝑜𝑜𝑥𝑥𝑀𝑀  𝑑𝑑𝑡𝑡𝑡𝑡0  
where 𝑛𝑛 is the density of the oxide layer, 𝑁𝑁𝐴𝐴 is Avogadro’s number, and 𝑖𝑖𝑜𝑜𝑜𝑜𝑀𝑀  is the element-specific 
oxidation contribution for M related to congruent alloy dissolution and given as4:  
𝑖𝑖𝑜𝑜𝑜𝑜
𝑀𝑀 = (𝑎𝑎𝑡𝑡% 𝑀𝑀)𝑖𝑖𝐸𝐸𝐼𝐼 − 𝑖𝑖𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀  
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A general schematic for the application of operando AESEC and DC measurements on 
electrochemical passivation reaction rates is given in Fig. S2. The results obtained for the 
accumulation of atoms in the film during passivation in the acidic NaCl solution are shown in Fig. 
S3 along with the overall film concentrations obtained for individual elements (Fig. S4 and Fig. 
S5) as derived from the atomic accumulation results. According to the Fig. S3, there is sufficient 
area density of Ni atoms at early times to form a continuous film layer. The critical value of 
approximately 1015 atoms/cm2 is reached after 10 s for NiO formation, whereas the densities of Cr 
and Mo remain below the threshold, indicating that they are either captured in the Ni-rich film 
until Cr accumulation is sufficient around 1,000 s for the growth of another Cr-rich film or exist 
as phase-separated islands or oxide nanoparticles. From the calculated atomic concentrations 
during electrochemical passivation of the alloys shown in Figs S4 and S5, the film is primarily Ni-
rich for all times, eventually becoming increasingly enriched with uncaptured Cr starting around 
1,000 s. The expected concentration of Ni, Cr, and O for two possible phase-separated film 
compositions are shown in Figs. S3 and S4: 50% NiO + 50% Cr2O3 (Fig. S4) or NiO + NiCrO3 
with 25% of all Cr captured in the NiO which forms early and the remaining 75% of Cr atoms 
forming metastable NiCrO3 (Fig. S5). The solute-captured condition (NiO + NiCrO3) is much more 
consistent with film concentration data derived experimentally from the AESEC method, where at 
long times the concentrations approaches those expected for 50% NiO + trapped Cr and 50% 
NiCrO3. 
Fig. S2. General schematic for the application of operando AESEC and DC measurements to 
electrochemical passivation reaction rates. 
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Fig. S3. The accumulation of atoms in the film during passivation in the acidic NaCl solution. 
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Fig. S4. Plot of the concentrations of the different species as color coded in the legend from the 
electrochemical data, assuming that only the NiO and Cr2O3 phases are formed. As shown on the 
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right, the concentrations are very different from what one needs using the known composition of 
the metal alloy.  
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Fig. S5. Plot of the concentrations of the different species as color coded in the legend from the 
electrochemical data, assuming that the solute trapped phases determined experimentally are 
formed. As shown on the right, the concentrations are semi-quantitatively consistent with the 
known composition of the metal alloy. 
3. Thermodynamic Condition for Solute Trapping and Non-equilibrium Solute Capture 
We will first briefly describe conventional solute trapping. The moving interface between two 
phases during a phase transformation may be assumed to be at local equilibrium when the 
interfacial velocity is small compared to the atomic diffusivities in the material. For large relative 
interfacial velocities, however, this assumption of local equilibrium can break down. Interfacial 
equilibrium requires solute redistribution across the interface, which will not have time to occur if 
the interface is moving too quickly. During the rapid solidification of alloys, for example, a solid 
can form with a solute composition approaching that of the melt rather than its equilibrium 
composition5,6. In this case the solute is said to be “trapped” in the solid because its chemical 
potential increases in the solid relative to the melt. The increase in solute chemical potential is 
thermodynamically permitted so long as the total free energy change of the transformation per 
mole of material transferred from liquid to solid, ΔG = Σi [ci (μiS - μiL)] where ci and μi are the mole 
fraction and chemical potential of species i, is negative. The general conditions for solute trapping 
are that the thermodynamic condition given above is satisfied and that the interface velocity v is 
large compared to the solute diffusion velocity. Strictly this is an effective interfacial diffusion 
6 
 
constant (e.g.7-9) divided by some effective hopping distance. Current evidence indicates that the 
diffusion constant is likely bounded by the bulk solute diffusion coefficients of metal and oxide, 
and the hopping distance is often related to a width of an intrinsically rough interface (e.g.10-14 and 
references therein). Note that for solute trapping, the interface velocity is in general proportional 
to the change in free energy of forming oxide of a given composition from metal of a different 
composition. 
Non-equilibrium solute capture is different. The interface may be physically static, with a net flux 
of vacancies (nickel for nickel oxide) across it as well as (depending upon the oxide and metal) 
other species such as oxygen vacancies or metal interstitials. The velocity term in solute trapping 
is replaced by the sum of any physical interface motion and the net flux across the interface15. The 
relevant diffusion constant will be an effective interface term for a vacancy to diffuse along the 
interface (probably in the metal) and then jump back into the oxide to enable cation exchange, as 
against the vacancy diffusing into the semi-infinite sink of the metal. This will be comparable to a 
Zener-type cation redistribution in oxides (e.g. 16-21), but now taking place across the interface with 
diffusion parameters which may be very different from those of the bulk materials. We will later 
approximate this using the oxide diffusion constant and a hopping distance of 1nm which are 
reasonable estimates. In addition to exchange there will also be a term which can be described as 
an effective velocity for nucleation of phase separated oxides; the velocity for equilibrate that 
competes with the growth velocity of the oxide will be the sum of both this phase separation 
velocity and one analogous to the term in solute capture. 
Being more specific, to repeat what is described in the main text,  the important measure of the 
extent of non-equilibrium solute capture in an effective medium model is β = vEff /vEq, where vEff 
is the effective velocity of the interface combining both physical motion and the flux of atoms, and 
vEq is an effective velocity for equilibration. The later will be the sum of a two terms, vEq = vExch 
+ vNuc. The first, vExch, is similar to that in solute trapping vExch =a/Di where Di is an interface 
diffusion coefficient for a Zener exchange of the relevant atoms and a is the hopping distance for 
exchange of atoms between the oxide and metal to equilibrate the composition of the oxide.  The 
second will be an effective velocity for nucleation of phase separation, for instance rocksalt Ni1-
xCr2x/3O phase separating into rocksalt NiO and corundum Cr2O3 doped within solubility limits. 
To evaluate whether capture is thermodynamically possible, we computed ΔG = Σi [ciM (μiOx - 
μiM)], where ci is the composition of the metal alloy, and μi are the mole fraction and chemical 
potential of the species in the oxide and metal, respectively. If ΔG < 0 then it is thermodynamically 
possible to form an oxide of composition ciOx from a metal of compositions, ciM. We consider the 
oxidation of a NiCr0.05 alloy at 700 C and atmospheric pressure as a test case. The thermodynamics 
were evaluated by plotting the free energies of the alloy and rocksalt, corundum, and spinel oxide 
crystallographic phases per mole of Ni and Cr as a function of the Cr mole fraction in Fig. S6. 
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These free energy curves were calculated from the thermodynamic assessment of Taylor and 
Dinsdale22. Chromium defects in the rocksalt were considered as Cr3+ and nickel defects in the 
corundum treated as Ni2+. We reduced the free energy to a function of only the Cr mole fraction 
on the cation sublattice with the assumptions of structure conservation, charge neutrality, and that 
the oxygen in the oxide is in equilibrium with oxygen gas.  
As a cross-validation, DFT calculations were performed with the all-electron augmented plane 
wave + local orbitals WIEN2K code23 for Ni1-xCrxO1+x/2 compositions with Ni2+ and Cr3+ in either 
rocksalt or corundum structures as also shown in Figure S6 as well as the known spinel NiCr2O4. 
In these calculations it was found that the substitutions were lowest in energy when they followed 
the antiferromagnetic ordering of the parent rocksalt NiO or corundum Cr2O3. For the spinel, a 
search over antiferromagnetic orderings was performed, as this is not well defined in the current 
literature. The lowest energy configuration was ordered on the twin-related (100) or (010) planes 
for both Ni2+ or Ni3+ and Cr3+. Technical parameters for these calculations were use of the PBE 
functional24 exchange-correlation potential, the SCAN25 exchange-correlation energies, a hybrid 
fraction of 0.25 for the d-electrons of both Ni and Cr using an on-site approach26-28, oversampling 
of the exchange-correlation and otherwise somewhat conventional parameters. To avoid 
inconsistencies with the treatment of the metal reference in the DFT calculations, the known heats 
of formation for nickel oxide and chromia were used as references, for Figure S6 the values at 
temperature are used. This assumes that the relevant entropies can be approximated by a rule of 
mixtures. Additional calculations with Ni3+ and Cr2+ were performed, but these were significantly 
higher in energy and are not included here; full details will be described elsewhere. 
At thermodynamic equilibrium there are only three possible phases: nickel oxide NiO, chromia 
Cr2O3 and possibly the spinel NiCrO3. There is too much scatter in the available thermodynamic 
data for the spinel29 for conclusive statements to be made. Experimentally we rarely saw it, 
suggesting that it is either metastable or marginally stable. In addition to these stable phases there 
are (insulating) metastable solid solutions of Ni1-xCrxO1+x/2 based upon both rocksalt and corundum 
structures across the whole composition range of x. We note that the calculations are consistent 
with experimental work attempting to produce a half-metal distorted perovskite NiCrO30,31. (Our 
DFT calculations indicated that the structure with antiferromagnetic ordering was an insulator with 
lower energy than the hypothetical half-metal considered other work32,33.) 
Chromia Cr2O3, has a larger thermodynamic driving force for formation than the rocksalt oxide 
NiO, but the rocksalt often forms initially in experiments. This is likely due to the smaller degree 
of structural reconfiguration required to form rocksalt from the FCC lattice of the alloy; the 
rocksalt structure can be formed directly from FCC by occupying the octahedral interstices with 
oxygen atoms, and allowing the lattice to expand. In the limit of very rapid oxidation, we would 
expect the rocksalt to form at the alloy composition. With decreasing oxidation rate, the chromium 
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content in the oxide should increase because chromium has a much larger oxidation potential than 
nickel. From Fig. S6, we see that that the tangent line drawn to the free energy curve of the metal 
for all compositions of the alloy lies above the free energy of the oxide, indicating that ΔG < 0 for 
any ccrM. In fact, it is thermodynamically possible to form the rocksalt of any chromium content, 
all the way up to pure CrO, from the NiCr0.05 alloy. 
 
Fig. S6. Plot of the free energy of the different crystallographic phases in J/mol as color coded, as 
a function of Cr composition assuming that the valences are always Ni2+ and Cr3+ with the oxygen 
content adjusted to achieve valence neutrality as appropriate. Points are from the DFT calculations, 
lines from the thermodynamic database. 
4 Kinetic Condition for Solute Trapping and Non-Equilibrium Solute Capture 
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In the general case, the partitioning across a moving interface is well documented for the 
solidification case (e.g.5,7,34) and has been evaluated for a at least one related cases, namely during 
thin film growth35. The partitioning of a solute between the liquid and solid as a function of the 
velocity of the interface (𝑣𝑣) can be written as7 
𝑘𝑘(𝑣𝑣) = 𝑘𝑘0 + 𝛽𝛽1 + 𝛽𝛽  
where 𝑘𝑘0 is the equilibrium partitioning and 𝛽𝛽=va/D where a is a diffusion hop distance which is 
typically taken as comparable to an interatomic spacing, and D is the diffusion constant as a 
function of temperature and other conditions which for solute trapping is normally that of the liquid 
phase. If va/D >> 1, solute atoms are trapped during solidification with a composition far from 𝑘𝑘0.  
We argue that the same holds approximately for non-equilibrium solute capture, with appropriate 
changes of the relevant terms since the atomic processes are different. For instance, for a stationary 
interface, unlike that discussed above, fluxes through the interface can generate a jump in the 
chemical potentials, and hence non-equilibrium interfacial compositions. Using the results of 15 in 
a binary alloy, and neglecting off-diagonal terms in the coupling matrix, we find that the jump in 
the difference of chemical potential across the interface is, ∆(𝜇𝜇1 − 𝜇𝜇2) = −𝑏𝑏𝑗𝑗 , where b is a 
positive constant related to the interfacial diffusion coefficient, and j is the flux of a component 
through the interface. At equilibrium, 𝑗𝑗 = 0 and the usual equality of chemical potentials results. 
If, however, there is a flux through the stationary interface, then the jump is nonzero, and thus the 
compositions at the interfaces are not those given by the usual equilibrium phase diagram. 
Because of the differences, we need to redefine the relevant terms. The same overall formulation 
holds, with the slightly different definition of β = vEff /vEq, where vEff is the effective velocity of 
the interface combining both physical motion and the flux of atoms, and vEq is an effective velocity 
for equilibration as discussed above. 
To demonstrate feasibility, we will use for oxidation conventional values from the literature and 
ignore the nucleation velocity. The hardest number to estimate is the interfacial diffusion constant 
Di. Since exchange of (metal) atoms involves diffusion into the oxide, we used a more conservative 
estimate based upon vacancy diffusion rates in the oxide for the high temperature case. For 
instance, at 800 C the diffusivity of chromium in NiO is 2x10-20 cm2/s36. If we take a as 1 nm, then 
the value of a/Di is (2x10-11 m/s)-1. This implies that if the oxide growth rate significantly exceeds 
2x10-11 m/s then we would expect the rocksalt composition to approach the alloy composition. A 
more comprehensive plot is shown in Fig. 5A. 
For electrochemical treatments, the effective velocity of the interface can be directly measured by 
the current, with a linear relationship from Faraday’s law. Again neglecting the nucleation 
velocity, if we use the diffusion constant for the oxide extrapolated to room temperature we find 
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that solute capture always occurs; we therefore used a larger value that includes a field-assisted 
term. (Physically this may correlate to role of the nucleation velocity within an effective medium 
approach, as this will probably be faster at the lower temperatures of electrochemical corrosion.) 
Being specific, we used a hopping distance of 1nm and assumed a field affected diffusivity of 10-
20 cm2/sec. The evolution of the protective oxide films in aqueous conditions is not a simple 
homogeneous process, rather a plethora of different processes taking place sometimes 
simultaneously, sometimes at different times or at different locations in the samples. These range 
from quasi-equilibrium with almost all effective interface velocities up to much faster processes 
where there is a breakdown of the film locally leading to pitting. The results are shown in Fig. 5B. 
5. Density of States of Doped Oxides 
To probe the effect of solute capture, two simple cases were considered: Cr in NiO and Mo in NiO, 
density functional theory calculations were performed with the all-electron augmented plane wave 
+ local orbitals WIEN2K code23 using the PBEsol37 functional with on-site hybrid corrections26-28 
of 0.25 for the metal atoms. Lattice parameters were those for the DFT relaxed bulk structures. For 
the calculations muffin-tin radii of 1.9, 1.7, 1.9 and 1.9 au were used for the Ni, O, Cr and Mo 
atoms respectively, the plane wave extension (RKMAX) values was 6.5, and a Brillouin-Zone 
sampling of 8x8x8. 
Fig. S7. Total density of states of (A) Cr and (B) Mo doping in a 2×2×2 rocksalt NiO supercell 
with the charge state 2+, calculated by WIEN2K using an on-site hybrid functional. The dopant 
atoms introduce states in the gap of the base oxide, which are going to lead to doped semiconductor 
behavior of the oxide film, which will change how potentials develop across the oxide film. 
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